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Abstract 
The paper deals with the study of recrystallization of hot formed austenitic Ti-stabilized stainless steel 
X6CrNiTi18-10.  Kinetic  recrystallization  was  studied  in  the  selected  material  by  means  of  plastometric  and 
upsetting  tests.  The  effect  of  the  strain  temperature  was  studied  in  the  temperature  range  900-1250°C  by 
plastometric tests.  A drop hammer  was used for the  upsetting tests in the deformation temperature 1200°C. 
The height reduction in the tests was determined in a way that made it possible to compare specimens formed 
both by plastimetry and upsetting.  
Recrystallization  was  evaluated  in  the  paper  on  the  basis  of  stress-strain  analysis,  metallography 
(recrystallized fraction, grain size), hardness measurements (HV10), calculation of dehardening from values of 
hardness measurements and x-ray analysis (volume fraction of mosaic blocks larger than 10  m). Parameter Z 
was determined for all conditions of strain, value of the activation energy of the tested material Q = 415 kJ/mol 
was used for the calculations. The monitored characteristics were compared after forming on a plastometer and 
upsetting at comparable strain intensity. 
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1. Introduction 
The paper deals with the study of recrystallization 
of hot formed austenitic Ti stabilized stainless steel. 
It is known that the influence of temperature 
and  strain  rate  is  specified  by  the  Zener-Hollomon 
parameter (further only Z) which also determines the 
boundary  between  dynamic  recovery  and  dynamic 
recrystallization and depends on the type of material 
and conditions of strain. Paper [1] indicates that in 
austenitic  steels  dynamic  recrystallization  will  be 
effective for Z<10
15s
-1. 
Kinetic  recrystallization  was  studied  in  the 
selected  material  by  means  of  plastometric  and 
upsetting  tests.  Torsion  plastometry  is  specifically 
one of the most acknowledged laboratory methods of 
the  research  of  strain  characteristics  of  hot  formed 
metallic materials [2, 3]. The result of the tests is the 
function M=f (N), where M is the torque and N is the 
number of revolutions of the plastometer. This curve 
can be converted into the stress-actual strain curve σ-
ε. The strain rate in the plastometric test is highest on 
the surface of the test bar and decreases continuously 
towards the bar axis. Consequently the strain of the 
test  bar  must  be  assigned  to  a  definitely  given 
representative radius R´, where the cross section of 
the bar is subject to average strain. For the magnitude 
of R´ authors [4] derived the relation R´=2/3R, where 
R is the radius of the test bar [mm]. Metallographic 
and x-ray analysis and hardness measurements of the 
bar formed on a torsion plastometer are performed on 
a longitudinal section in the central part of the test bar 
which corresponds to the radius R´. The character of 
the  upsetting  tests  corresponds  to  a  plastometric 
pressure  test,  however  with  one  exception  -  by 
several orders higher strain rates are used in the tests 
and the dependence of strain on the load force is not 
monitored.  Metallographic  and  x-ray  analysis  and 
hardness  measurements  in  specimens  formed  by 
upsetting are performed in the central part of the axial 
section of a strained specimen on an area where the 
strain is homogeneous. In the evaluation, however, it 
must be taken into account that the actual strain in 
this place is higher that the specific one [5, 6]. 
 
2. Experimental 
Austenitic  Ti-stabilized  stainless  grade 
X6CrNiTi18-10 (0.07 % C, 18.20 % Cr, 10.30 % Ni, 
0.48 % Ti) steel was used for the experiments. 
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Bars with a 6mm diameter were used for the 
plastometric tests. On the basis of previous results [7] 
a  preheating  temperature  of  1250 °C  still 
guaranteeing a single phase structure was used for the 
studied steel. A strain rate 160 min
-1 (0.4s
-1) was used 
in all plastometric tests. The specimens were cooled 
in water immediately after the end of the test in order 
to assure conservation of the structure. The effect of 
the strain temperature was studied in the temperature 
range 900 – 1250 °C. On the basis of σ-ε stress-strain 
analysis  [7]  the  following  values  were  estimated: 
strain  magnitude  for  the  start  of  dynamic 
recrystallization (2 revolutions), strain corresponding 
to the peak of the relation σ - ε (3 revolutions) and 
strain in the zone of so-called stable flux (10 revo-
lutions). After the achieved revolutions further tests 
were not performed. 
A drop hammer with an impact rate 8.3 ms
-1 
was used for the upsetting tests. For a specimen with 
an 8 ÷ 15 mm diameter the corresponding strain rate 
is  approximately  5.2 x 10
2 s
-1,  the  height  reduction 
was  limited  by  stops.  Preheating  temperature  was 
1250 °C, forming temperature 1200 °C, immediately 
after  forming  the  specimens  were  cooled  in  water. 
The height reduction in the tests was determined in 
a way  that  made  it  possible  to  compare  specimens 
formed  both  by  plastometry  and  upsetting.  The 
calculated  values  of  the  height  reduction  in  the 
upsetting tests completed with values of actual strain 
and applied strain intensity in plastometric tests are 
given in Table 1. 
 
Tab. 1 
Strain in plastometric tests and approximately 
corresponding values from upsetting tests 
 
For calculations of dehardening from hardness 
measurements a specimen with a 20 % height reduction 
and a specimen  with a 40 % height reduction  were 
cold  formed  and  subsequently  annealed  to  gain 
hardness  in  fully  recrystallized  state.  The  missing 
values of hardness after cold forming were obtained 
from a calculation based on the hardness-actual strain 
relation. 
Recrystallization was evaluated on the basis of 
stress-strain  analysis,  metallography  (recrystallized 
fraction, grain size), hardness measurements (HV10), 
calculation of dehardening  from  values of  hardness 
measurements and x-ray analysis (volume fraction of 
mosaic blocks larger than 10  m). 
Significant for the assessment of the level of 
the role of dehardening processes is the hardness of 
the studied material in fully annealed state – 128 HV. 
Hence  the  parameter  Z  was  determined  for  all 
conditions  of  strain.  In  all  cases  a  value  of  the 
activation energy of the tested material Q = 415 kJ/mol 
was  used  for  the  calculations.  This  value  is 
simultaneously published in papers [9, 10]. 
 
3. Results and discussion 
3.1. Results of plastometric tests 
Converted  σ - ε  relations  for  the  studied 
temperatures are given in paper [11]. As expected σ-ε 
curves,  exhibit  a  decrease  of  peak  values  of  strain 
with growing temperatures. The higher is the strain 
temperature  for  a  given  strain  rate,  the  more 
significantly the decrease after achieving peak strain, 
which  is  characteristic  of  the  effect  of  dynamic 
recrystallization, affects this  relation. The values of 
the  investigated  parameters  for  the  studied 
temperatures are in Table 2. 
 
Tab. 2 
Results of metallographic and x-ray analysis, 
hardness measurements and calculated Z parameters 
for the studied forming temperatures 
Forming 
temperature  
[° C] 
Recrystallized 
fraction 
[%] 
Volume 
fraction of 
mosaic 
block > 
10µm [%] 
Hardness 
HV 10 
Parameter 
Z  
[s
-1] 
900  11  5  247  1.21x1018 
1000  22  7  206  4.28x1016 
1100  86  15  160  2.46x1015 
1200  95  12  149  2.08x1014 
1250  98  10  131  6.85x1013 
 
In  agreement  with  the  behaviour  of  the 
relation σ-ε the above results prove that at the given 
strain  rate  recrystallization  of  the  studied  material 
accelerates with growing temperature.  
The recrystallized fractions grow with growing 
temperature  which  is  confirmed  by  the  decreasing 
hardness.  From  the  forming  temperature  1100 °C  a 
change is apparent in the behaviour of the azimuthal 
Revolutions 
of 
plastometer 
N [%] 
Strain 
intensity 
Se [-] 
Calculated 
height 
reduction 
εh [%] 
Actual strain 
[6] 
[-] 
2  0.3  20  0.23 
3  0.4  30  0.42 
10  1.2  71  1.58 Materials Engineering, Vol. 16, 2009, No. 4 
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profile of the specimen. Due to this fact a moderate 
decrease is apparent of the volume fraction of mosaic 
blocks >10  m. 
Analysis of the structure after a 2 revolution 
strain showed only a small amount of recrystallized 
grains in the formed structure. A further revolution of 
the  plastometer  increased  the  recrystallized  fraction 
approximately  2  times.  After  10  revolutions  the 
structure is almost recrystallized [7, 13]. The process 
of dehardening corresponds with the increase of the 
recrystallized  fraction.  At  strains  after  2  to  3 
revolutions  hardening  plays  a  significant  role  and 
dynamic recrystallization only a minor one. Besides 
dynamic  recrystallization  also  dynamic  recovery 
plays  a  role  which  can  be  confirmed  by  a  higher 
volume fraction of mosaic blocks > 10  m.  
The structure is almost completely recrystallized 
accompanied  with  a  corresponding  significant 
decrease of hardness. The above findings correspond 
with the fact that in austenitic steels recrystallization 
plays  a  preferential  role  at  higher  strains,  which  is 
related with low stacking fault energy. 
 
Results of upsetting tests 
In  upsetting  tests  at  a  constant  strain  rate  
5.2x10
2 s
-1 and strain temperature 1200 °C the Zener-
Hollomon parameter is Z = 2.71x10
17 s
-1. This value, 
according  to  paper  [1]  is  by  2  orders  higher  than 
the   parameter  Z  for  forming  with  dynamic 
recrystallization.  However  it  must  be  taken  into 
account that at this strain rate local adiabatic heating 
occurs in consequence of which temperature locally 
rises  and  the  actual  value  of  the  parameter  Z 
decreases. 
Results  of  structural  and  x-ray  analysis, 
hardness  measurements  and  the  calculated 
dehardening  are  in  Fig.  1.  Recrystallized  fractions 
after strain identified by metallography are by 20 to 
30 % lower than values of the calculated dehardening 
S.  This  observation  corresponds  with  paper  [12] 
which states that values of the calculated dehardening 
are in good agreement with metallographic analyses in 
cases of dehardening by static recrystrallization. For 
dynamic  recrystallization  values  of  the  calculated 
dehardening are higher, since in this case hardening 
phenomena  and  dynamic  recovery  intermix  with 
dynamic recrystallization. Hardnesses at 30, 40 and 
71 % strain can be, due to dispersion of the measured 
hardnesses,  considered  as  nearly  identical. 
An increase of the volume fraction of  domain  blocks  
> 10  m at a 71 % strain can be attributed to the fact  
that owing to the measured grain size this result can 
be affected by a certain volume of fine recrystallized 
grains. 
 
Comparison of plastometric and upsetting tests 
The strain rate in upsetting tests is by 3 orders 
higher  than  the  strain  rate  in    plastometric  tests. 
The by  3  orders  higher  Zener-Holloman  parameter 
coincides with this fact. 
Comparison of plastometric and upsetting tests 
from  the  viewpoint  of  recrytallization  is  rather 
difficult. While in plastometric tests cooling follows 
almost  immediately  after  the  test,  the  time  from 
the end  of  forming  to  the  beginning  of  cooling  in 
upsetting tests is 2 to 3 seconds. This interval is long 
enough for the occurrence of metadynamic or static 
recrystallization.  Another complication  is the actual 
strain  magnitude in the evaluated zone in upsetting 
tests (Tab. 2). Due to the above it was not possible 
to obtain relevant actual strains in all compared cases. 
The monitored characteristics were compared 
after  forming  on  a  plastometer  and  upsetting  at 
comparable  strain  intensity.  The  structures  of 
the compared  specimens  after  the  plastometric  and 
upsetting tests differ substantially. Whilst the structure 
after forming on a plastometer at 0.3 strain intensity 
has  a  markedly  strained  character,  the  structure  of 
the upset specimen at comparable strain intensity is 
distinctly recrystallized. The measured hardnesses are 
in good agreement with these results. Best compared 
are states after straining with a 1,2 intensity (Fig. 2), 
where  the  recrystallized  fraction  in  the 
plastometrically  strained  specimen  in  relation  with 
that  in the  upset one is only by 10 % lower. In all 
cases the final structure of upset specimens was finer 
compared  with  those  formed  plastometrically. 
The behaviour of the azimuthal profile after forming 
on  a  plastometer  and  after  upsetting  also  differs 
substantially.  Whilst  the  profile  after  forming  on 
a  plastometer  exhibits  sharp  local  peaks  for  all 
studied strain intensities, after forming on a plastometer 
these  peaks  appear  more  distinctly  only  after  the 
highest studied strain. Results of x-ray microanalysis 
under  the  studied  conditions  confirm  a  more 
pronounced  role  of  recrystallization  processes  in 
upsetting compared with plastometry. 
On  the  basis  of  the  above  results  and  their 
analysis  it  can  be  said  that  comparing  plastometric 
and  upsetting  tests  is  a  difficult  task  and  that  such 
a comparison  can  be  performed  partially  only  in 
the zone of high strains. 
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c) HV10 in dependence on the height reduction 
10 20 30 40 50 60 70
0
10
20
30
40
50
60
70
80
90
100
Xv Recrystall.fraction
S Calculated dehardening
Height reduction [%]
R
e
c
r
y
s
t
a
l
l
i
z
e
d
 
f
r
a
c
t
i
o
n
,
 
c
a
l
c
u
l
a
t
e
d
 
d
e
h
a
r
d
e
n
i
n
g
 
[
%
]
a)  XV and S in dependence on the height 
reduction 
b) XVMB>10µm in dependence on the height 
reduction 
10 20 30 40 50 60 70
0
5
10
15
20
25
30
Height reduction [%]
V
o
l
u
m
e
 
f
r
a
c
t
i
o
n
 
o
f
 
m
o
s
a
i
c
 
b
l
o
c
k
 
>
1
0
µ
m
 
[
%
]
10 20 30 40 50 60 70
0
20
40
60
80
100
120
140
160
Height reduction [%]
H
V
 
1
0
Fig. 1.  Influence of strain on modification of structure and hardness in upsetting.  
Preheating temperature 1250°C, forming temperature 1200°C, strain rate 5.2x10
2 s
-1 Materials Engineering, Vol. 16, 2009, No. 4 
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Plastometric forming 
deformation temperature 1200 °C 
number of revolutions 10 
strain rate 0.4 s
-1 
hardness 156 HV10 
Upsetting forming 
deformation temperature 1200 °C 
height reduction 71% 
strain rate 5.2x10
2  s
-1 
hardness 149 HV10 
   
a) Structure of specimen XV = 84%, L = 30 µm  a) Structure of specimen XV = 93 %, L = 22 µm 
b) Diffraction pattern of specimen  b) Diffraction pattern of specimen 
 
 
c) Azimuthal profile of specimen XVMB>10µm= 10 %  c) Azimuthal profile of specimen XVMB>10µm = 24 % 
Fig. 2. Comparison of results of metallographic and x-ray analysis, hardness measurement 
after plastometric and upsetting forming. Strain intensity  1,2 Materials Engineering, Vol. 16, 2009, No. 4   
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Conclusions 
•  For  all  forming  rates  stress-strain  analysis 
showed the effect of dynamic recrystallization. 
•  For the studied material and a 0.4 s
-1 strain rate 
dynamic  recrystallization  was  confirmed  from 
forming  temperature  1100 °C  upwards,  i.e.  for 
conditions where values of the Zener-Hollomon 
parameter are of the order of 10.16x10
2 s
-1 and 
lower. 
•  The by one order higher increase of the volume 
fraction  of  mosaic  blocks  >10   m  in  strained 
structures  between  the  2
nd  and    3
rd  plastometer 
revolution  gives  evidence  of  dynamic  recovery 
processes,  which  by  themselves  do  not  affect  
hardness very markedly. 
•  Although  the  Zener-Hollomon  parameter  for 
upsetting tests at a strain rate of 5.2x10
2 s
-1 and 
strain  temperature  1200 °C  has  a  value 
Z = 2.7x10
17 s
-1, even in this case evidence was 
found of dynamic recrystallization. This can be 
probably  assigned  to  the  existence  of  local 
adiabatic heating at this strain rate. 
•  Marked grain refinement due to recrystallization 
occurred  already  at  a  20  %  height  reduction. 
The  recrystallized  grain  size  decreased  with 
increasing strain. 
•  Recrystallized  fractions  determined  from 
hardness  measurements  are,  under  the  studied 
conditions,  higher  than  those  found  by 
metallography.  Within  the  range  of  low  strains 
these differences are more pronounced. This can 
be attributed to the more marked role of recovery 
processes in the range of low strains. 
•  In forming of the studied steel by upsetting at a 
high  straining  rate  5.2x10
2  s
-1  at  1200  °C, 
dynamic  recrystallization  plays  a  more  marked  
role  than  in  torsion plastometer tests at an 0.4 s
-
1  strain  rate.  This  can  be  explained  by  the 
presence of local adiabatic heating and/or by the 
different  substructure  of  specimens  from 
plastometric and upsetting tests. 
•  Comparison  of  results  from  plastometric  and 
upsetting tests is difficult. 
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